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METHOD FOR MJilTUFACTUEIMG CARBON NANOTUBES 
hS FUNCTIONAL ELEMENTS OP MEMS DEVICES 



This application claims the benefit of U.S. 
Provisional Application l^o. 60/102,159 filed on 

28 Septerriber 195S, Additionally, this application 
incorporates by reference the prior U.S. Provisional 
10 Application No. 60/102,159 filed orx 28 Septentber 1998 

entitled "'Method for Manufacturing Carbon Nanotubes" to 
Vladimir Maricevski . 



The present invention relates generally to methods of 
manufacturing carbon nanotubes and, more particularly, to a 
system and method for manufacturing carbon nanotubes as 
functional elements of MEMS devices. 



20 PRrKCROtlKD OF THE T?fVBNTIQN 

Bxisting methods in growing nanotubes cannot fabricate 
an individual precisely- located hole. Existing methods 
rely on methods that produce an array of unifomly- 
distributed holes, and thus uniformly -distributed carbon 
25 nanotubes. 

Therefore a met hod of growing a earboro. nanotube having 
a controlled shape, length and orientation at a precisely 
controlled location is extreiiiely desirable. 
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The present in%^encion provides a method for 
fabricating individual aligned carbon nanotubes as 
functional elements of MEMS devices. 

5 More specifically, ths present invention provides a 

svstera and rriethod for n^anuf acturing carbon nanotubes as 
functional elements of J^EMS devices. The method of the 
present invention comprises the steps of preparing a MEMS 
substrate for growth of a carborx nanotube . A nanosize hole 

10 or nanosize catalyst retaining structure (NCRS) is 

fabricated in a layer on the MEMS substrate in which a 
nanotiibe catalyst is deposited. A nanotube is then 
synthesized within the NCRS, after which the layer may be 
removed if needed. 

IS A key innovation associated with the present invention 

is the manufacturing of at least one carbon nanotube on a 
MEMS substrate in a process suitable for large-scale 
manufacturing. The method of manufacturing provided by the 
present invention opens the door to ^any other applications 

20 where an individual carbon nanotube, or collection of 
individual carbon nanotubes, can be used as functional 
8 i erne nt ( s ) or devi c e ( s } . 

A technical advantage of the present invention is that 
the method of the present invention is designed to produce 

25 aligned carbon nanotubes with controlled shape, diameter, 
wall thickness, length, orientation, and location of 
growth . 

Another technical advantage of the present invention 
is that the method of the present invention allows 
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fabrication of a NCRS with precise dimensions and location 
that will serve as a template or pore for a carbon nanotube 
with controllable length, orientation, diameter, and 
location. The method can be implemented so as to be 
5 compatible v/ith microeiectrorRechanical manufacturing 
systems (MSr*1S) fabrication processes. 



For a more complete understanding of the present 
10 invention and the advantages thereof, reference is now mac 
to the follo^vlng desscription taken in conjunction wi^h th« 
accompanying drawings in which like reference numerals 
indicate like features and wherein: 

FIGURE 1 illustrates one method of the present 
15 invention as a flow diagram; 

FIGURE 2 illustrates the template methods for 
manufacturing carbon nanotube tips; 

FIGURE 3 illustrates the pore method for manufacturi; 
carbon nanotube tips; and 
2 0 FIGURE 4 shows a hole (NCRS) fabricated with 

controllable diameter, at a precise location on a substra 
and with controllable depth. 



Preferred embodiments of the pxesent invention are 
illustrated in the FIGURES, like numerals being used to 
refer to like and corresponding parts of the various 
drawings . 
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The method for nanosise hole tabricaticn of the 
present invention involves fabrication of an individual 
nanosize hole with the ability to control its ali9nmsnt, 
diameter, depth, and location. 
5 The present invention provides a method for 

manufacturing carbon nanotubes as functional elesuents of 
MEMS or semiconductor devices with the ability to control 
the carbon nanotubes aligntnent, diameter, shape, length, 
and location. . 

IQ The n-.ethod of the present invention comprises the 

steps of preparing a HEMS sisbstrate suitable for growth of 
a carbon nanotufoe, A nanosize hole or nanoscale catalyst 
retaining structure (NCES) is fabricated in a layer on the 
MEMS substrate in which a nanotube growth catalyst is 

15 deposited. A nanotube is then grown within the nanosiae 
hole. 

The ts^ethod of the present invention allows fabrication 
of a NCRS with precise dissensions and location that will 
result in carbon nanotube (s) with desired sise, 

20 orientation, and location. The raethod can be implemented 
so as to be compatible with microelectromechanicai 
manufacturing systems (MSMS) fabrication processes. 

One such use for these carbon nanotubes is their use 
as scanning probe tool tips and, in particular. Atomic 

25 Force Microscope (AFM) tips. A key irmovation associated 
with the present invention is the manufacturing of an 
individual aligned carbon nanotube on a MSMS structure, 
such as AFM cantilever, in a process suitable for large- 
scale manufacturing. In this embodiment of the present 
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invention, the AFM tip is the functional element and the 
MEMS structure is the AFM cantilever. Other MEMS 
structures may include a flat panel display, a tuning fork 
probe and a torsional cantilever for raagnetic resonance 
force microscopy. Other carbon nanotube functional 
eletnenLs include fist panel -display pixels, a molecular 
wire, or a nanotube used as a molecular antenna. The 
present invention need not be limited to a particular MEMS 
structure or carbon nanctube functional element. The 
method of manufacturing provided by the present invention 
opens the door to many other applications where an 
iiidividual carbon nanotube, or collection of individual 
carbon nanotubes, can be used as functional element {s} or 
device (s) . This allows the tnanuf acturs of carbon nanotube 
structures at a specified location, directly on a MEMS 
substrate, instead of forming the carbon nanotube structure 
elsewhere and then mounting the structure to the MSMS 
substrate. 

Process parameters can be adjusted sc as to make this 
nanotube fabrication process cc-ropatible vfith standard AFM 
cantilever fabrication processes. This approach is 
suitable for fabricating the carbon nanotube tip and the 
silicon cantilever in one continuous process, ideal for 
large - scale tnanuf actur ing , 

The method or the present invention encompasses the 
individual process steps described below as employed to 
produce carbon nanotubes vfith controlled parameters. 
Additionally, the method includes the process consisting of 
the individual process steps listed below wherein an 
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individual process step may be replaced by a similar 
process step that essentially achieves the same function. 

FIGURE 1 illustrates the method of the present 
invention as a flow diagratn. First, in step 10, the MSMS 
5 substrate is prepared for synthesis of a carbon nanotube. 
Next, .i.ti fstep 12, an NCRS with controlled shape, 
diartiKcer and length iss made in a layer at a specific 
desired location on the MEKS subsi;rate. If the NCRS has 
high aspect ratio, the NCRS niay be used to control the 

10 shape, length, and diameter of the carbon nanotube. This 
method o.t control is referred to as a tea^plate method. If 
the NCRS has small aspect ratio, the NCRS may control the 
diameter of the carbon nanotube. This method of control is 
rererred to as a pore method. 

15 At stec 14, the size or diaTneter of the NCRS is 

evaluated aiid reduced as needed with similar or same 
methods as used to fabricate it or with similar or same 
methods as used to coat it, as knowv. to those skilled in 
the art. These methods include electrochemical deposition, 

20 chemical deposition, electro-oxidation, electroplating, 
sputtering, thermal diffusion and evaporation, physical 
vapor deposition, sol-gel deposition, and chemical vapor 
deposition. 

At Step 16, a nanotube catalyst is placed within an 
25 individual NCRS. Methods for placing this catalyst include 
electrochemical deposition, chemical deposition, electro- 
oxidation, electroplating, sputtering, thermal diffusion 
and evaporation, physical vapor deposition, sol -gel 
deposition, and chemical vapor deposition. This catalyst 
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may be placed on a specific surface of the NCRS, such as 
the bottom surface, or all surfaces of the KCRS . 

In step IS carbon nanotubes with controllable shape, 
dianieter, orientation, wall thickness aiid length, are 
synthesised from within an individual NCRS Methods for 
synthesizing include thermal' deposition of hydrocarbides, a 
chemical vapor deposition process wherein a reaction time 
of. said chemical vapor deposition process is manipulated to 
control a length of the carbon nanotube, and a chemical 
vapor deposition process wherein a process parameter of 
said chemical vapor deposit icn process is manipulated to 
control a wall thickness of the carbon nanotube. 

At step 2C, the template layer containing the 
synthesized carbon najiotubes may be removed if needed. 

Afterwards, the carbon nanotubes are purified to 
re move i mpu r i ties. 

Reiterating the major process steps of the present 
invention, impletnented sequentially, are; 

(1) preparation of a MEMS substrate; 

(2) creating an NCRS in a layer on the MEMS substrate; 

(3) reducing the dianteter of the NCRS; 

{4) depositing a catalyst within the NCRS; 

(5) synthesizing the nanotube; and, 

(6) removing the template layer on the MEMS substrate 
if needed; and 

(7) purifying the nanotubes. 

FIGURE 2 illustrates the template methods for 
manufacturing carbon nanotube tips, while FIGURB 3 
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illustrates the pore method for manufacturing carbon 
nanctube tips. 

The method of the present invention works the best 
when materials and processes are as coropatible as possible 
5 with the HEFsG materials and processes. These include CJD 
methods to grow carbon nanotubes, nanohole fabrication 
methods, and catalyst deposition methods. 

The requirements isrsposed by the functionality and the 
perforjnance of the AFM cantilever drive the MEMS design, 
10 including the shspe, dimensions, materials, and processes. 

The intei:idsd use of an AFK cancilever with a carbon 
nanotube tip is to function as a metrology, mask repair, 
and possibly a lithography tool. However, the AFM 
cantilever with a carbon nanotube tip need not be limited 
15 to these functions, 

A metrology tool must be capable of accessing deep 
trenches while vibrating with high frequency over the 
surface of a sample. To satisfy this general condition, the 
shape of the AFM cantilever has to allow access of the tip 
20 to all parts of the sample surface. A carbon nanotiibs tip 
grown directly on the cantilever itself would not have 
enouqh clearance to touch the sample surface. Therefore, 
cantilever 50 need.s to provide the required clearance with 
a protrusion 52 or a larger bj.unt t^p upon which the 
25 smaller carbon nanotube tip S4 would be grown as 

illustrated in FIGURE 4. The protrusion 52 or the lartjer 
tip 54 has to have a shape that allows fabrication of an 
individual hole and adequate access for CMD to occur. If 
photoelectrochemical etching is used to fabricate the hole, 
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the protrusion needs to be able to transmit lighc. Other 
functionality issues include: desired scanning speed, 
flexing cr the carbon nanotube tip, the possibility of 
crashing of the tip, and bonding of the carbon naxuotube tip 
5 with the cantilever substrate. 

Geometrical and nechani'cai design are based upon 
existing MEMS fabricatior terhnoiogi.cs, This aporoach 
enables the manufactiire cl ^FV c^l^ll^^els ":.ta a igncd 
carbon nanotvuoes growi^ ..n pl^ 'c 7 r.^. ^ j-t^^--^ MFMS 

iO fabrication prccess, alt ougn rcmbit, t ^ci.. n r : t 

commercially viable. The cantilever design conforms to the 
restrictions addressed above. 

Theoretically, the diameter, vfall thickness, and 
length are detertnined a.s functions of the buckling forces 

15 required by the desired application (such as CD metrology, 
for example) . To suit many AFH applications a carbon 
nanotube with diamener of 100 nm and less and length of 1 
fxia and more is vex-y desirable. 

For best results the method of the present invention 

20 uses materials that are compatible with existing 

rnicromachining technologies. Materials used with existing 
MEMS process are; crystalline silicon, polysilicon, silicon 
nitride, tungsten, and alumii-ium, for structural material; 
undoped silicon dioxide, doped silicon dioxide, 

25 polysilicon, and polyrrdde, for sacrificial material; and 
fluorine-based acids, chlorine-based acids, and metallic 
hydroxides, for wet etching. The processes standard to 
existing MBI^S technologies include: thin film deposition, 
Gxida t i on , doping , 1 1 thography , chemical -roechan i cal 
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polishing, etching, and packing. Other variations of the 
method iiwoive process strategies for xise when cantilever 
fabrication has to be interleaved with other {external to 
the nms fabrication) process steps, such as 
5 photoelectrochemical etching, electroplating, CVD, or 
etching. 

The methods for NCRS fabrication of the present 
invention involve fabrication of an individual nanosize 
hole with the ability to control its slignTnent, diameter,, 

10 depth, and location. Existing methods in growing aanotubes 
cannot fabricate an individnal precisely- located hole. 
Existing methods rely on methods that produce an array of 
uniformly-distributed holes, and thus uniformly-distributed 
carbon nanotubes. 

15 Geometrical requirernenta refer to the alignment, 

diameter, depth, and location of the hole to be fabricated. 
To tnake carbon nanotubes commercially useful as AFM tips, 
the diameter of the tip, and therefore the diameter of the 
hole used in fabricating the nanotube, has to be less than 

20 100 nm. Smaller diameters may also be very desirable. 
Commercial carbon nanotube tips need to have an aspect 
ratio of about lOii, which implies a length of about 1 .aw 
far a 100 nm diameter tip. 

Another important geometrical requirement is to have 

25 the holes orthoganal to the substrate so that the resulting 
grovm carbon nanotubes are perpendicular to the surface of 
the substrate as well. Naturally, if the requirements are 
that the carbon nanotube foirm an angle with the surface of 
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the substrate, than, the holes should be also fabricated 
with such an orientation. 

The following technologies are capable of satisfying 
the above georfietrical requirements: electrocheraical or 
5 photoelectrochemical etching, micromachining and 

lithography. In addition, each technology offers several 
different variations of the nanotube growth method, 

Electrocherrdcal (EC) and phctoeiectrochemical (PEC) 
etching can he used to fabricate an izidividtaal nanosise 

10 hole at a specific location on a substrate. EC/PEC etching 
is a technology typically used to fabricate a porous 
silicon layer, where nano- and micro- size holes with 
uniform diametei-s are evenly spaced out onto the substrate. 
A porous silicon layer is fabricated by anodizatlon of 

15 silicon in diluted HB^ under controlled current denaity. 
Porous silicon offers possibilities for applications 
including an insulating layer in sil icon-on- insulator 
structures, optical applications, photoluminescence, 
electroluminescence, and microniachining of three- 

20 ditnensional structures. 

EC/ PEC etching is used to control the number, 
diameter, shape, location, depth, and orientation of the 
holes. The existing EC/ PEC etching process works well for 
mass fabrication of evenly distributed holes with precise 

25 diameters at randotn locations on a substrate. Hole diatiieter 
is precisely controlled %-iith the current flux. Therefore 
different hole shapes are possible, including tapered or 
other variable diameter {over length) holes. The depth of 
the hole fabricated using EC/PEC etching is dependent upon 
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the diameter of the hole. This dep-sjidence is sttributed to 
the fact that, dviring EC/PEC etching, the hole grows in 
both the axial and radial direction, nor. m^ri caneously, 
but in a staircase way. In most cases the SC/?E'C fabricated 
5 hole is perpendicular to the substrate, but a sloped hole 
can also be fabricated by cdntrolling the orientation of 
the substrate, the placement of the cur-rent source 
anode /ccithode, and the light source . Our method enables 
manufacture of only an individual nanosise hole at a 

10 specific desired location, v^ith control over its diameter, 
shape, and depth. 

Control over hole location and number is achieved by 
using means to initiate EC/PEC etching at desired 
locations. One way of achieving this initiation is to 

15 pattern th^e substrate with a mask to generate pits at 
precise locations on a substrate that will initiate 
forstiation of a NCRS . Another way of ini-:iating the 
formation of che holes is to place an iTEiptirity, local 
defect, or stress as method to initiate the formation of a 

20 NCRS. The impurity, local defect, or stress can be placed 
using ^c-ray lithography, deep W lithography, scanning 
probe lithography, electron beam lithography, ion beam 
lithography, optical lithography, electrochemical 
deposition, chemical deposition, electro-oxidation, 

25 electx-oplating, sputtering, thermal diff-asion and 

evaporation, physical vapor deposition, sol -gel deposition, 
or chemical vapor deposition. 

Another way to control the location and number of a 
KfCRS is to use the geometry of the substrate to etch at 



wo 60/19494 



PCT/USm2334 



13 

desired location and do not etch at all or etch at 
different rates the areas surro-anding the desired area. A 
pointy substrate is'^ch as the AFM tip) the spex will etch a 
NCRS first, prior to any etching around it. Iii addition, if 
S the AFM tip apex is sufficiently small only Bmall nuirljer of 
holes will be etched. In extreme cases only one ho3e will 
be fortned. In another scenario a V grove will etch first at 
the bottom before any etching around it. 

Control over the NCRS size and shape is accomplished 
10 fay using: 

(!) the effects of the xocusing, v/avelength, and 
intensity changes of the light source for PEC etching, 

(2) the density and modulation changes of the current 
source , and 
15 (3) Che dopant concentration. 

Timing the duration of the PC/PEC etch can control the 
depth of the hole. 

For best results materials are used that can be used 
to generate nanopcrous silicon and which are also 
20 compatible with MEMS fabrication. For example, p doped 
silicon is suitable for both MEMS fabrication and porous 
silicon fabrication. Other MEMS and PEC compatible 
materials can also foe used. 

As an alternative to PEC etching, the method of the 
25 present invention uses raicroraachining technologies, such as 
ion milling, and e-beam micromachining, to fabricate an 
individual nanosize hole on specific location on an AFM 
cantilever. Existing ion milling (IM) and e-beam (EB) 
technologies can be used to fabricate holes with 
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controllable diameter, at. precise locations on a substrate 
(controllable location) , and with controllable depth. 

FIGURE 4 shows a NCRS fabricated with controllable 
diarneter, at a precise location on a substrate 
5 (controllable location} ,. and with controllable depth. 

The advantage of using in and SB technologies to 
fabricace a NCRS is that they can produce holes with 
dis'Tieters as small as 10 nm. In addition, the location and 
diffienslon of a feature, including a hole, can be achieved 

10 with nanometer dimensional tolerances. Additionally, depths 
of hundreds of nanometers can foe achieved with IM and EM, 
Because of their long use in the ir.icroti^achining industry, 
IM and EM technologies are compatible with standard mm 
processes, vjhich makes t,hem very attractive. 

15 The disadvantages of using IM and EB are their large 

capital and operating cost and low throughputs, which mght 
not justify their use for mass production of AFM 
cantilevers with carbon nanotube tips. Since IM and SB can 
only fabricate features in a serial manner, each hole on an 

20 array of AFM cantilevers that can fit on a individual wafer 
would have to be fabricated individually in a stepping 
manner. This approach would require sophisticated 
navigating methods to fabricate the holes as precise 
locations, 

25 The method of nanotube fabrication of the present 

invention also accommodates use of lithographic 
technologies, such as optical and scanning probe 
lithography, to fabricate an individual nanosise hole at 
specific location on the MEMS sxibstrate. Existing optical 
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and scanning probe lithographic technologies can be used to 
fabricate holes with controllable disTtieter, at precise 
locations on a substrate (controllable location) , and with 
controllable depth. These methods include x-ray 
5 lithography, deep UV lithography, scanning probe 
lithography, electron beam lithcigraphy, ion beam 
lithography, and optical lithography. 

Optical iithogx-aphy is a technology capable of trass 
production of features, including the holes that we need 

10 for our project, with high throughput. Control of the 

location and dimension cf features, such as the hole, can 
be performed with great critical dimension tolerances. 
This technology is co?Tvpatible with standard MEMS processes. 
Since optical lithography only provides masking 

15 capabilities, the actual hole will be fabricated with 
etchi-ng. Fortunately, the existing etching and masking 
processes for optical lithography are very controllable. 
Therefore, the depth of the hole will depend on the masking 
and etching processes and is very controllable. 

20 The R^ain disadvantage of using standard optical 

lithography is that it can not produce holes with diameter 
of ^DOLt 130 ICO n\, which is the current feature size 
1 mi.aixo'^ Of this technology. Such a large hole is 
une.ntrtblc foi gxs./ "cxcon nanotubes with 100 nm or less 

25 diameter. However, this disadvantage may be overcome by 
filling- :.n larger diameter holes down to a desired sub 100 
nm diameter. The filling-in can be done with the catalytic 
material or other suitable material. This filling-in 
process enables the use of optical lithography for rapidly 
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and inexpensively fabricating holes £3ui table for growing 
carbon nanotubes. A potential disadvantage of using 
standard optical lithography is that the etching process 
for this technology might not be able to produce vertical 
5 holes with the high aspect ratio (10;!} that we need. To 
deal with this, v^e need proper mask design, photoresist, 
and etchants, necessary to fabricate a nanosize hole. 

Scanning Probe Lithography can be used to fabricate 
features, including the holes, with great critical 

10 dimension tolerances of. the location and dimension of the 
hole. An advantage of scanning probe lithography over 
optical lithography is that it can directly produce holes 
with diameters as low as 10 nra, which is very suitable for 
small -diameter carbon nanotubes. 

15 Unlike optical lithography and more like 

micromachining technologies, scanning probe lithography has 
lower throughputs. As with the optical lithography, the 
etching process for this technology might not be able to 
produce vertical holes with high aspect ration 

20 (10:l)needed. To deal with this, proper tip radius, bias 
voltage, photoresist, and etchants are necessary to 
fabricate a nanosize hole. A high aspect ratio (10 ;i) 
vertical hole. The diameter of the hole can be reduced 
with similar or same methods as used to fabricate the hole 

25 or to coat a substrate, especially in the case of a larger 
diameter hole with a diameter greater than 100 nm. The 
hole is filled to reduce its inner diameter. This step 
enables the manufacture of larger diameter holes that are 
then r-educed to a desired smaller diameter. This process 
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is less demanding and lees expensive for "manufacturing. 
Optical lithography for example can be used to fabricate 
the holes. 

The method of the present invention allows fabrication 
5 of an NCRS with precise dimensions and location that 
results in the sysnthesis of nanotubes viith controlled 
siKe, shape, orientation, and location. The method can be 
implemented so as to be compatible with 
microelectroTEiechanical manufacturing systems (MEMS) 

10 fafcrication processes. 

Selectively fabricating an individual NCRS with 
control over its diaweter and length may require that the 
size of the NCRS be reduced with a process similar to those 
used in creating the layer in which the NCRS was 

15 fabricated. These processes include electrochemical 
deposition, chemical deposition, electro-oxidation, 
electroplating, sputtering, thermal diffiision and 
evaporation, physical vapor deposition, sol -gel deposition, 
and chemical vapor deposition to deposit said nanotube 

20 growth catalyst. 

The filling- in can be done with the catalytic material 
or other suitable material. The fill-in of a NCRS can be 
achieved using the same methods that are used to deposit 
the catalyst. The sriethods include electrochemical 

25 deposition, chemical deposition, electro-oxidation, 
electroplating, sputtering, thermal diffusion and 
evaporation, physical vapor deposition, sol -gel deposition., 
chemical vapor deposition, and other methods known to those 
skilled in the art. In one variation the same catalyst 
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that stimulates the growth of the carbon nanotube is used 
as the iviaterial for filling- in the holes. In this case, no 
additional catalyst deposition process is required. 

Right amount of filling-iu with a catalyst will also 
5 produce carbon nanotube growth that is smaller than the 

hole, therefore snaking small' diameter carbon nanotubes with 
larger diameter holes. 

A nanotube grov;th catalyst can be placed within an 
individual NCRS . The function of the raetallic catalyst in 

10 the carbon nanotube growth process is to decompose the 
hydrocarbides and aid the deposition of ordered carbon, 
common catalyst materials are iron, cobalt, and nickel. 
'Hie oxids of the hole may also be used as catalysts for 
growing carbon nanotubes. Materials used in MBMS 

15 fabrication, such as Si and Si02, are an example where we 
use a template made of Si which Is electro-oxidized to 
produce Si02 or SiO catalyst. The Si has to be doped to 
become conductive. Electro-oxidized Si is more porous than 
thermally grown oxide, which may affect nanotube gro^s'th. 

20 Before a carbon nanotube can be grown from a template, 

the metallic catalyst must be deposited within it. A 
catalyst material in an individual template can be 
selectively deposited. Existing methods knovm to those 
skilled in the art can be used to deposit a metallic 

25 catalyst material evenly around the hole. Existing 
catalyst deposition methods inclxide electrochemical 
deposition, chemical deposition, electro-oxidation, 
electroplating, sputtering, thermal diffusion and 
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evaporation, physical vapor deposition, sol-gel deposition, 
and chemical vapor deposition. 

Metallic catalysts can be deposited by chemical 
deposition immersing the substrate in Ni, Fe, and Co 
5 (solT^tions (monomers) . The substrate is then dried in 112 
atmosphere (or any oxidizing agent for the monoTsser) to 
allow uniform deposition of the metal catalyst on the inner 
walls of the hole. The desired catalyst thickness on the 
template is controlled by the concentration o£ catalysfc- 

10 resinate in the solution. 

It is known that a carbon nanotxifoe can toe grown 
between a substrate and an anodic oxide film used as a 
catalyst via electro-oxidation. Changing the anodic 
oxidation time and the current density can control the 

15 inner diameter of the anodic oxide template. Changing the 
carbon deposition time can control the wall thickiisss of 
the nanotube. The length of the template determines the 
length of the carbon nanotube. 

Catalyst deposition can be achieved by immersing the 

20 substrate with a NCRS in a solution of a catalyst and apply 
electrical potential to electroplate the holes. 

I- is knov/n to these skilled in the art that sol -gel 
deposition can be used to coat the inside of a template 
with a semiconducting film. in this method, a porous 

25 aluminum membrane is first dipped into sol -gel solution. 
Afterward, the membrane is removed from the sol -gel 
solution and dried. The result is tubules or fibrils 
within the pores of the mensbrane. Tubules or fibrils are 
obtained depending on the temperature of the sol-gel 
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solution. The wall thickness of the tubules depends on the 
imrsion time. In the method of the present invention, 
the sol -gel method is used to deposit metal catalysts, such 
as Ni, Fe and Co, instead of semiconductor materials. 

Chemical vapoi* deposition is the most commonly used 
means of depositing thin films. The istethod of the present 
invention uses CVB to coat the walls of a nanosised 
tetrplate with Fe, Ni or Co catalyst- Required reaction 
tetnperatux'e, amount of precursor, and deposition time. 

Pore sol -gel deposition can be used to deposit metal 
catalysts instead of semiconductor materials. This process 
can produce short fibrils ixistsad of tubules. The short 
fibrils can act as esrtbedded catalytic particles. 

Electrochemical plating requires catalyst solutions 
with concentrations needed to coat the pore, the current 
densities that will produce electroplating and the time of 
deposition that is controlled. In another errtoodiment of 
the present invention, the above electrochemical plating 
process on a substrate with materials that can also be used 
with MSMS fabrication. To satisfy the geometrical 
constrains of this method, a cathode metal must be placed 
on the closed side of the hole. 

In all of the above methods unwanted catalyst may be 
deposited ou^:;side of the hole where the carbon nanotube 
will grow and should be removed. Methods of removal 
include : 

(1) ion blowing by blowing ions at oblique angle with 
the substrate as not to remove the catalyst from 
within the hole; 
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(2) chemical submersion for a time interval too short 
to allow the rinsing or the catalyst within the 
hole but sufficient to rinse the surface; and 

(3) magnetic reiaoval of the magnetic catalyst. 
Synthesis of the nanotubes can be manipulated chemical 

vapor deposition {CVD) process parairsetere , A design of 
experiment (DOE) may exansine hov^ process parameters such as 
selection of a CVD precursor gas teinperature and reaction 
time effect iianctube growth. Allo-rfing one to maniplate the 
parameters to achieve a desired result. 

^^ith the template method, the precursors, the reaction 
temperature, and the reaction times are optimised to 
implement the five basic process steps vfhile remaining 
compatible with standard MEMS technology. 

Aligned carbon nanotubes can also be synthesized by 
thermal deposition of hydrccai-bides . The hydrocarbides 
used as ^.recursors can be ethylene, acetylene, and methane. 
Carrier gas can be argon and nitrogen. 

The template method requires CVD reaction temperatures 
ranging from 545 C to 900 C. The specific reaction 
temperature used depends on the type of catalyst and the 
type of precursor. Energy balance equations for the 
respective chemical reactions are used to analytically 
determine the optirnufn CVD reaction temperature to grow 
carbon nanotubes. This determines the required reaction 
temperature ranges. The optimum reaction temperature also 
depends on the flo%^^ rates of the selected precursor and the 
catalyst. 
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In the temr>late method the reaction time is used to 
coEitrol the wall thiCKncGG of. the carbon nanotube. Since 
the growth cf Liie nanctubt^; is radially inward and fully 
contained within the template, longer reaction times 
produce nanotufoes with thicker v?ails. 

The react iors time is increased to achieve a thicker 
wall thickness some models for wall thickness growth assume 
that the carbon nanotube wall thickness growth rate is 
truly proportional to the CVT) deposition time. The 
increased reaction time improves crystallization of the 
nanotube and decreases unwanted graphitisation. A 
variation of the method involves tailoring the reaction 
time so as to produce a single -wall carbon nanotube and 
still obtain a highly crystallized carbon nanotube. Still 
another variation of the method involves controlling x^all 
thickness without depending on the reaction time by Hi 
catalyst with pyrene precursor, a process known to yield 
thin carbon nanotube walls regardless of the time of CVD 
reaction. 

The quality of carbon nanotubes synthesized depends on 
the catalyst, the precursors, the reaction temperatures and 
the reaction times. Nanotube quality also depended on 
substrate geometry {diameter and pore orientation) , The 
proper alignment of the carbon nanotubes depends on the 
pore orientation. 

Unlike the template method, where reset ion time 
detenrdned wall thickness, in the pore method reaction time 
determines the nanotube length. Longer reaction times 
produce longer nanotubes where the nanotubes can protrude 
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past the surface of the pore. The react ioii times have to 
be determined to produce carbon nanctubes thac are abotit 1 
/iTO long, as required for an AFM tip. With the pore raethod 
there are no kno%vn raeaiis to control the wall thickness, 
5 Means to control nanotufoe wall thickness is gassif ication 
of the synthesised carbon nsnotubes. 

Some instances require that the synthesized carbon 
nanofcube be i:nooverad without daiuage . This step is 
accsrttD'! ished by selecting uncovering etchants and 

10 detern-ining optisnusn -oncovering times. In these instances 
the carbon nanotubes grown using the terr^plate method are 
m-tcovered as the template layer itself is removed. After 
which the carbon nanotubes are purified. To function as 
AFM tips, carbon nanotubes grovjn with the CVD template 

15 method must be uncovered from the template. An uncovered 
carbon nanotube must protrude at least 1 fim frotn the 
substrate., while its root must remain integrated with the 
substrate . 

The most common, and reliable, ir.ethod to uncover the 
20 carbon nanotubes is wet and dry etching. The method of the 
present invention uses staiidard wet etchants and a large 
knowledge base about their use with different MEMS- 
compatible substarate materials to control the uncovering 
process . 

25 Knowledge of etchants properties is ccsinbinea with the 

etching requirements and used to select the best etchant 
for the mst:erials for the process. The etching 
requirements include the desired etching rates and the t>pe 
of etching that we need, isotropic or anisotropic. The 
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rates of anisotropic etching depend on the crystallography 
of the etched tmterial, and anisotropic etching is tnainly 
used for bulk-type MEMS fabrication. Isotropic etching is 
mainly used for surface-type mi croma chining MEMS 
5 fabrication. The selected etchant might foe an individual 
ecchant, diluted etchant or a conibination of few etchants 
rrdxed proportionally. 

The atchant TOust also be MSMS compatible. Etchant.'s 
known to ba compatible with MEMS fabrication include KOH, 

10 HP, HF:HC1, H3P04, and KaOH fout need not be iitnited to 

these etchants. There is a possibility that the uncovering 
etchant may react with the Si02 and silicon nitrides that 
are used as sacrificial materials in cantilever 
fabrication. These sacrificial layers are used to hold the 

15 cantilever in place until all processes, including the 
uncovering of the carbon nanotube, are completed. A 
reaction betxveen the uncovering etchant and the sacrificial 
snaterial may release the cantilever prematurely. This 
situation, as part of the MEMS fabrication process, allows 

20 the uncovering etchant to be used simultaneously as a 
cantilever release etchant. 

Timing of the wet etching is also used as a means to 
control the nanotube's length, namely how far it protrudes 
from the bottom of the s-abstrate, A crucial step in 

25 controlling naiiocube length is to time the etching process 
so as to only expose the desired length of the nanotube and 
keep part of it buried in the substrate for structural 
support . 
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For the et chant and the substrate chosen, the etching 
rate can be empirically determined or is known. Knowing 
the etching rate, the etching time that results in 
uncovering the desired length cf nanotube is calculated. 
5 The desired total length, of the carbon nanotube is the 
length of the template. The" length of nanotube that, must 
rem in embedded in the substrate determines the depth to 
which the template must be etched away. The depth to v/hich 
the nanotube has to be enibedded in the substrate to 

10 function as an AFM tip vith the required strength. 
For the special case in which the etchant 
simultaneously releasee the cantilever and uncover the 
nanotube, one can analytically determine the optiinuni 
etching time. However, this prediction is more 

15 ccinplicated. First, the etchixxg time for the uncovering 
process as described above is determined. Then, how deep 
the sacrificial layer (with different material) must be to 
dissolve sirsultaneously is determined. The calculation 
must also account for the difference in vertical and 

20 lateral etching rates for the same etchant and etched 

material. This is an important issue since the sacrificial 
material under the cantilever must be removed by vertical 
and lateral etching. 

Multilayer strategy as ^ancovering method is another 

25 variation involving the use of two layers of template 

substrate where the top layer is non-resistant to etchant 
and the bottom layer is resistant to etchant. This 
multilayer strategy makes the naiiotube uncovering process 
self regulating. This approach also provides an effective 
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vs^ay to precisely control the length of the carboiJ nanotube 
tip. 

Although the present invention has been described in 
detail, it should be understood that various changes, 
5 substitutions and alterations can be made hereto without 
departing from the sspirit and scope of the invention as 
described by the appended claims. 
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A method for manufacturing at least one carbon 
nanotube as a functional elements of a MEMS device, 
coir^jrising the steps of: 

preparing a MBMS substrate for growth of the at least 
one carbon nanotube; 

creating a nanoslze catalyst retaining structure in a 
first layer at a location on said MEMS substrate, wherein 
said location determines a position of the at least one 
carbon nanotube on said MEMS substrate 

placing a nanotube catalyBt within said i^anosize 
catalyst retaining structure; and 

synthesizing the at least one carbon nanotube within 
said catalyst retaining structure. 

2. The method of Claim 1, further comprising the 
step of : 

removing said first layer from said KEMS substrate to 
reveal said nanotube wherein said first layer is a 
sacrificial layer. 

3. The method of Claim 1, wherein said nanosiae 
catalyst retaining structure has a controlled location, 
orientation, shape, diameter and depth. 

4. The method of Claim 1, wherein said nanosise 
catalyst retaining structure serves as a template to 
control location, orientation, shape, diameter and length 
of the at least one carbon nanotube. 
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B. The nechcd of Claim 1, wherein said n&nosize 
cataly^^t regaining structure controls the diameter of the 
ar, laaet one carbon nanotube . 

5 

6. The method of Clai^ X, wherein said nanosize 
catalyst retaining structure controls a length of the at 
least one carbon nanotube. 

10 7, The method of Claim 1, wherein said nanosise 

catalyst retaining structure controls an orientation of the 
at least one carbon nanotube with respect to said MBMS 
substrate . 

15 8. The method of Claim 1, wherein said orientation 

of the at least one carbon nanotube with respect to said 
MEMS substrate is at an angle to said MEMS substrate. 

9. The method of Claiin 1, \«,'her:ein said orientation 
20 of the at least one carbon nanotube with respect to said 
MEMS substrate is orthoganal to said MEMS substrate. 

10 The method of Claim l, wherein said step of 

creating a nanosize catalyst retaining structure at a 
25 location on said MEWS substrate is an electrochemical 
process , 

11. The method of Claim 1, wherein said step of 
creating a nanosise catalyst retaining structure at a 
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location on said MEm substrate is a phot oei petrochemical 
etching process, 

12. The method of Claim 1, wherein said step of 
5 creating a nancsise catalyst retaining structure at a 

locatioxi on said MEMS substrate is an electrochemical 
etching process, 

13. The ir.ethod of Claim 1, whejrein said step of 
10 creating a nanosiae catalyst retaining structure at a 

location on said MEMS substrate is mechanical process. 

14. The method of Claim 1, wherein said step of 
creating a nanosize catalyst retaining structure at a 

15 location on said MEMS substrate is accomplished with an 
electron beam, 

15. The method of Claits 1, wherein said step of 
creating a nanosize catalyst retaining scrucfare at a 

20 location on said MEMS substrate is accomplished with an ion 
beam. 

16. The method of Claim 1, wherein said step of 
creating a nanosize catalyst retaining structure at a 

25 location on said MEMS substrate is an lithography process, 
wherein said litbography process ia a process selected from 
the group consisting of x-ray lithography, deep UV 
lithography, scanning probe lithography, electron beam 
lithography, ion beam lithography, and optical lithography. 
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17. The method of Claim i, wherein said step of 
placing said nanotube catalyst within said lianosize 
catalyst retaining structure uses a process selected froTts 
5 the group consisting of electrochemical deposition, 

chemical deposition, electro- oxidation, electroplating, 
sputtering, theriral diffusion and evaporation, physical 
vapor deposition, sol -gel deposition, and chemical vapor 
deposition to deposit said nanotube catalyst. 

10 

IS. The method of Clain^ 1, wherein said step of 
synthesising said nanotube within said nanosij^e catalyst 
retaining structure cotrprises thermal deposition of 
hydrocarbides. 

15 

19 . The niethod of Claim 1, wherein said step of 
synthesizing said nanotube within said nanosise catalyst 
retaining structure comprises a chemical \'apor deposition 
process wherein a reaction time of said chemical vapor 
20 deposition process is manipulated to control a length of 
the at least one carbon nanotube. 

20. Ths itiethod of Claim I, wherein said step of 
synthesizing said nanotube within said nanosiae catalyst 
2B retaining structure comprises a chemical vapor deposition 
process wherein a process parameter of said chemical vapor 
deposition process is manipulated to control a wall 
thickness of the at least one carbon nanotube. 
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21. The snethod of Claim 1, further co!Tvprising the 
step o£ reducing a diameter of said nancsize catalyst 
retaining structure. 

5 22. The method of Claim 21, wherein said step of 

reducing a diaiReter cf said -nanosize catalyst retaining 
structure and placing involves filling- in said nanosixe 
caLalys;. ret:.iir:ixvg .scructure ^vi'ch a process selected from 
the arovrn consisL ln<.; <"'f *=1 err.roc;i-;n-ical deposition, 
10 chemical deposition, el ectr-- --x. d^ 'j .on, e: ectrep.l r,r. .i ng, 
spnttsring, thermal diffusion and evaporation, physical 
vapor deposition, sol-gsl deposition, and chemicaX vapor 
deposition. 

15 23. The method of Claim 21, wherein said step of 

reducing a diameter of said nanosize catalyst retaining 
structure and placing said nanotube catalyst within said 
n&nosiKe catalyst retaining structure are performed 
simultaneously and wherein said step of reducing said 

20 diameter of said nanosize catalyst retaining sti-uccure uses 
a process selected from the group consisting cf 
electrochemical deposition, chemical deposition, electro- 
oxidation, electroplating, sputtering, thermal diffusion 
and evaporation, physical vapor- deposition, sol -gel 

25 deposition, and chemical vapor deposition, and wherein said 
step of placing said nanotube catalyst within said nanosize 
catalyst retaining structure uses a process selected from 
the group consisting of electrochemical deposition, 
chemical deposition, electro -oxidation, electroplating. 
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sputtering, thermal diffusion and evaporation, physical 
vapor deposition, sol -gel deposition, and chemical vapor 
deposition. 

5 24. The method of Claim 1, further comprising 

purifying said xianotu.be. 

25. The method of Claim 1, wherein said MEMS 

substrate is an AFM cantilever, 

10 

26. The method of Claim 1, wherein the carbon 
nanotube has a diameter less than lOOnm. 

27. The method of Claim 1, wherein the carbon 

15 nanotube has an aspect ratio of 10:1 diameter less than 

lOOnm. 

28. The method of Claim 1, wherein said nanosize 
catalyst retaining structure has a varying diameter which 

20 produces said nanotube with a varying diameter. 

29. The method of Claim 1, wherein said nanosize 
catalyst retaining structure has a varying vertical profile 
which produces said nanotube with a varying vertical 

2 5 profile. 



30. The method of Claim 1, wherein said nanosize 
catalyst retaining structure has a tapered vertical profile 
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which produces said nanot\ibe with a tapered vertical 

profile , 

31 . The method of Clain-t 1 further comprising the 
5 steps of : 

depositing at least one" second layer at a location on 
said MEMS substrate; 

creating a second nanosize catalyst, retaining 
structure in said at lesst one second sacrificial layer at 
10 a location on said MEMS substrate; 

depositing said imnotube catalyst within said second 
nanosize catalyst retaining structure; and 

growing a second nanotube within said second nanosize 
catalyst retaining structure. 

15 

32. The method of Claim 1 further comprising the 

steps of: 

removing said at least one second layer from said MEMS 
subv=5trate to reveal said nauotube and wherein said second 
20 layer is a sacrificial layer. 



33. The n-iethod of Claim 1, wherein said nanosize 
catalyst etrucLure has a geometry selected from at least 

ons of ihe qeotretries selected from the group consisting of 
25 cylindrical, spherical, foroid-like, helical. 



34 . A method for manufacturing at least one carbon 
nanotube as a functional elements of a MEMS device, 
comprising the steps of; 
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preparing a MEMS substrate for growth of the at least 
one carbon r?anotube; 

creating a nanosi2e catalyst retaining structure in a 
first layer at a location on said mms substrate, v/herein 
5 said location determines a position of the at least one 
carbon iianotube on said MEMS substrate; 

placing a nanotube catalyst on a lower surface within 
said aanosize catalyst retainina structure; and 

synthesizing the at least one carbon nanotube within 
10 said catalyst retaining structure. 

35. The method of Claim 34, further comprising the 
step of: 

removing said first layer from said MEMS substrate to 
15 reveal said nanotube wherein said first layer is a 

sacrificial layer. 

36. The method of Claim 34, wherein said nanosiae 
catalyst retaining structure has a controlled location, 

20 orientation, shape, diameter and depth. 

37. The method of Claim 34, wherein said nanosize 
catalyst retaining structure serves as a pore to control 
location, orientation, and diameter of the at least one 

25 carbon nanotube. 

38. The method of Claim 34, wherein said nanosize 
catalyst retaining structure controls the diameter of the 
at least one carbon nanotube. 
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39. The method of Claim 34, wherein said nanosisa 
catalyst retaining structure controls an orientation of the 
at least one carbon nanotube with respect to said MEMS 

5 sub St rate . 

40. The method of Claim 34, v^herein said orientation 
of the at least one carbon xianotiabe with respect to said 
MEMS substrate is at an angle to said MEMS substrate. 

3.0 

41. The n^ethod of Claim 34, wherein said orientation 
of the at least one carbon nanctube with respect to said 
HEMS s-ubstrate is orthoganal to said MEMS substrate. 

15 .12. The method of Claim 34, wherein said step of 

creating a nanosize catalyst retaining structure at a 
location on said MEMS substrate is a process selected from 
the group consisting cf electrochemical process, 
photoelectrochemicai etching process, electrochemical 

2 0 etching process, a mechanical process, an electron beam 
process, an ion beam process, and a lithography process, 
wherein said idthogrsphy process is a; process selected xrotr, 
the group con-=-:i.hU-.ing cf x--ray lithography, deep 177 
litnograpJiy, scanning probe lithography, electron bsam 

2 5 lithography, ion beam lithography, and optical lithography. 

43. The method of Claim 54, wherein said step of 
placing said nanotube catalyst within said nanosize 
catalyst retaining structure uses a process selected from 



wo 00/19494 



PCT/XTS9W22334 



the group consisting of electrochemical deposition, 
cheti^ical deposition, eiectro-oxidation, electroplating, 
sputtering, thermal diffusion and evaporation, physical 
vapor deposition, sol-gel deposition, and chetrdcal vapor 
5 deposition. 

44. The method of Claim 34, vjherein said step of 
synthesizing said nanotube vtfithin said nancsize catalyst 
retaining structure comprises thermal deposition of 

10 hydrocarbides. 

45. The method of Claim 34, v^herein said step of 
synthesizing said nanottifoe within said nanosize catalyst 
retaining structure comprises a chesnical vapor deposition 

15 process wherein a reaction time of said chemical vapor 
deposition process is manipulated to control a length of 
the at least one carbon nanotube. 



46. The method of Claim 34, wherein said step of 
20 synthesizing said nanotube within said nanosize catalyst 

retaining structure comprises a chemical vapor deposition 
process wherein a process parameter of said chemical vapor 
deposition process is manipulated to control a wall 
thickness of the at least one carbon nanotube. 

25 

47. The method of Claim 34, further comprising the 
step of reducing a diametsr of said nanosize catalyst 
retaining structure. 
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48. The method of Claim 47, ^A;herein said step of 
reducing a diatsieter of said nanosxze catalyst retaining 
structure and placing involves filling- in said nanosize 
catalyst retaining structure with s process selected from 

5 the group consisting of electrochemical deposition, 

chemical deposition, electro- oxidation, electroplating, 
sijuttering, thermal diffusion and evaporstion, physical 
vapor deposition, sol-gel deposition, and chemical vapor 
deposition. 

10 

49. The method of Claim 47, wherein said step of 
reducing a diameter of said nanosize catalyst retaining 
structure and placing said nanotufoe catalyst within said 
nanosise catalyst retaining structure are perfonrsed 

15 simultaneously and wherein said step of reducing said 

diameter of said nanosi:^e catalyst retaining structure uses 
a process selected from the group consisting of 
electrochemical deposition, chemical deposition, electro- 
oxidation, electroplating, sputtering, thermal diffusion 

20 and evaporation, physical vapor deposition, sol-gel 

deposition, and chemical vapor deposition, and wherein said 
step of placing said nanotiibe catalyst \s?ithin said nanosize 
catalyst retaining structure uses a process selected from 
the group consisting of elec-:rocheTrdcal deposition, 

25 vchemical deposition, electro-oxidation, electroplsting , 
sputtering, thermal diffusion and evaporation, physical 
vapor deposition, sol -gel deposition, and cheinical vapor 
deposition to deposit said nanotube catalyst. 
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50, The method of Claim 34, fujrther ccnprising 

p-uri tying said nanotube. 

51, The Ttiethod of Claim 34, wherein said MEMS 
5 substrate is an AFM cantilever. 

52, The ttiethod of Claim 34, wherein the carbon 
nanotube has a diameter less than lOOnm. 

10 53. The n^ethcd of Claim 34, vAerein the carbon 

nanotube has an aspect ratio of 10:1 diameter leas than 
lOOntR, 

54. The method of Claim 34, further comprising the 
15 steps of; 

depositing at least one second layer at a location on 
said MEMS subscrate; 

creating a second nanosiKe cacalyst. retaining 
structure in said at least one second sacrificial layer at 
20 a location on said MEMS s-ubstrate; 

depositing said lianotube catalyst within said second 
nanosize catalyst retaining structure; and 

growing a second nanotube within said second nanosize 
catalyst retaining structure, 

25 

55, The method of Claim 34, further comprisii^g the 
steps of: 

removing said at least one second layer from said MEMS 
substrate to reveal said nanotube and wherein said second 
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layer is a sacrificial layer. 

56. A method fox raanuf scturing patterns of carbon 
nanotubes as functional elements of MEMS devices, 

5 comprising the steps of: 

preparing a MEMS siibstrate for growth of the patterns 
of carbon nanotubes; 

creating a nanosize catalyst retaining structure in a 
first layer at a location on said MEMS substrate, wherein 
10 said location deterir-ines a position of the patterns of 
carbon nanotubes on said MEMS substrate; 

placing a nanctube catalyst within said nanosize 
catalyst retaining structure; and 

synthesizing the patterns of carbon nanotubes within 
15 said catalyst retaining structure. 

57. The method of Claim 56, further comprising the 
step of: 

removing said first layer from said MEMS substrate to 
20 reveal said nanctube wherein said fii-st layer is a 
sacrificial layer. 

BS. The method of Claim 56, wherein said nanosise 

catalyst retaining structuare has a controlled location, 
25 orientation, shape, diameter and depth. 

59. The method of Claiiti 56, wherein said nanosize 
catalyst retaining structure serves as a template to 
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control location, orientation, shape, diameter and length 
of the oat terns of carbon nanotubes. 

60. The method of Claim 58, wherein said step of 
creating a nanosize catalyst retaining structure at a 
location on said MEMS substrate is a process selected from 
the group consisting of an electrochenaical process, 
photoelectrochetrsical etching process, an electrochemical 
etching process, mechanical process, an electron beam 
process, an ion beam pi'ccess and a lithography process, 
wherein said lithography pr-ocess is a process selected from 
the group consisting of x-ray lithography, deep UV 
lithography, scanning probe lithography, electron beam 
lithography, ion beaia lithography, and optical lithography. 

61. The method of Claim 56, wherein said step of 
placing said nanoLube catalyst within said nanosize 
catalyst retaining structure use>:; a process selected from 
the group consisting of chemical deposition, electro- 
oxidation, electroplating, spnttering, physical vapor 
deposition and chemical vapor deposition to deposit said 
nanotube catalyst. 

62. The n-iethod of ClaiT; 56, wherein said step of 
synthesizing said nanotube within said nanosize catalyst 
retaining structure comprises thermal deposition of 
hydrocar bides . 
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S3. The method of Claim 56, vvherein said step of 
synthesizing said iianotube within said naiiosize catalyst 
^retaining structure comprises a cheinical vapor deposition 
process wherein a reaction time of said chendcal vapor 
5 deposition process is manipulated to control a length of 
the patterns of carbon nanorubes. 

64. The method of Claim 56, wherein said step of 
synthesizing said nanotube v/ir.hin said nanosise catalyst 
10 retaining structure corriprises a chertdcal vapor deposition 
process wherein a process parameter of said chemical vapor 
deposition process is manipulated to control a wall 
thickness of the patterns of carbon nanotubes. 

15 65. The method of Claim SB, further comprising 

purifying said patterns of carbon nanotube s . 

66. The method of Claim 56, further comprising the 
steps of: 

20 depositing at least one second layer at a location on 

said MIMS substrates- 
creating a second nanosise catalyst retaining 
structure in said at least one second sacrificial layer at 
a location on said MEMS substrate; 
25 depositing said nanotube catalyst within said second 

nanosize catalyst retaining structure; and 

growing a second pattern of carbon nanotubes tvithin 
said second nanosize catalyst retaining structure. 
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67. The method of Claim 56, further comprising the 
steps cf: 

removing said at least one second layer from said MEMS 
substrate to reveal said nanotube and wherein said second 
5 layer is a sacrificial layer. 

68. A flat panel display comprisirtg: 

an array of carbon nanotubes formed on a substrate; 

and 

10 a control system coupled to said array of carbon 

nanotube s - 

69. The flat panel display of Claim 5B, wherein ssaid 
array of carbon nanotubes are formed by the steps 

15 comprising: 

preparing a MEMS substrate for growth of the patterns 
o£ carbon nanotubes; 

creating a nanosis-e catalyst retaining structure in a 
first layer at a location on said MEMS substrate, wherein 
2D said location determines a position of the patterns of 
carbon nanotubes on said MEMS substrates- 
placing a nanotube catalyst within said nanosize 
catalyst retaining stsructure; and 

synthesizing the patterns of carbon nanotubes within 
2 5 said catalyst retaining structure, 

70. The flat panel display of claim 69, further 
comprising the Step of: 
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removing said first layer trom saa.d HEMS substrate to 
reveal said imnofc«be wherein said first layer is a 
sacrificial layer. 

5 71. The flat panel display of claim 69, wherein said 

nanosise catalyst retaining structure has a controlled 
location, orientation, shape, diameter and depth. 

7a. The flat panel display of claim 69, wherein said 
IC nanosize catalyst retaining struct/are serves as a template 
to contx-ol location, orientation, shape, diameter and 
length of the patterns of carbon nanotubes, 

73. The flat panel display of claim 69, wherein said 
15 step of creating a nanosize catalyst retaining structure at 

a location on said MEMS substrate is a process selected 
from the group consistix-ig of an electrochemical process, 
photoelectrochemical etching process, an electrochemical 
etching process, mechanical process, an electron beam 
20 process, an ion beam process and a lithography process, 

wherein said lithography process is a process selected from 
the group consisting of x-ray lithography, deep UV 
litho9raphy, scanning probe lithography, electron beam 
lithography, ion beam lithography, and optical lithography, 

25 

74, The flat panel display of claim 69, wherein said 
step of placing said nanotube catalyst within said nanosize 
catalyst retaining structure uses a process selected from 
the group consisting of chemical deposition, electro- 
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cxidatioii, electroplating, sputtering, physical vapor 
deposition and chemical vapor deposition to deposit said 
nanotube catalyst. 

5 75. The flat panel display of claim 69, wherein said 

step of syathesizins said nanotube within said nanosize 
catalyst retaining structure comprises thermal deposition 
of hydrocarbides . 

IQ 76. The fist panel display of claitr, 69, wherein said 

step of synthesizing said nanotube within said nanosize 
catalyst retaining structure comprises a chemical vapor 
deposition process wherein a reaction time of said chemical 
vapor deposition process is manipulated to control a length 

15 of the patterns of carbon nanotnbes, 

77, The flat panel display of claim 63, v,;herein said 
step of synthesizing said nanotube within said nanosiEe 
catalyst retaining structure comprises a chemical vapor 

20 deposition process wherein a process parameter of said 

chemical vapor deposition process is manipulated to control 
a wall thickness of the patterns of carbon nanotubes. 

78. The flat panel display of claim 69. further 

25 coTTiprising the step of purifying said patterns of carbon 
nanotubes . 

19, The flat panel display of claim 69, further 
comprising the steps of: 
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depositing at least, one additional layer at a location 
on said MEMS stibstrate; 

creating a second nanosizs catalyst retaining 
structure in said at least one second sacrificial layei- at 
5 a location on said MEMS substrate; 

depositing said nanotube catalyst within said second 
rianosize catalyst retaining structure; and 

Qrowing a second pattern of carbon nanotubes within 
said second nanosizs catalyst retaining structure. 

10 

80. The method of Claim l further comprising the 
steps of: 

removing said at least one additional layer from said 
MEMS substrate to reveal said nanotube and wherein said 
15 second layer is a sacrificial layer. 

81. The method of Claim 1, wherein said first layer 
comprises a template of two distinct layers, a top layer 
and a bottom layer wherein said top and said bottom layer 

20 have differing select ivities to an etchant, wherein a 
process of uncovering said at least one nanotttbe is self 
regulating because of the differing selectivities and 
wherein said step of synthesising said at least one carbon 
nanotube is effected by a grain size of a wall of said 

25 nanosise catalyst i-etaining structure. 
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